The Late Cretaceous (late Campanian to Maastrichtian) was characterized by a variable greenhouse climate, with evidence for cooling and/or glaciation and warming events. Most of these climatic signals are derived from marine records, and knowledge of the terrestrial climate, especially in the mid-latitudes, is limited due to fragmentary geological records on continents. Here we report mid-latitude terrestrial stable oxygen and carbon isotope data from pedogenic carbonates in the nearly continuous Late Cretaceous age SK-1 core drilled in the Songliao Basin, northeastern China. Our data indicate a punctuated, mid-latitude terrestrial climate in the Late Cretaceous. We interpret the negative excursion of pedogenic carbonate d 
INTRODUCTION
Studies of deep-sea sediments indicate a variable greenhouse climate during the Late Cretaceous (late Campanian to Maastrichtian), with short-term cooling and warming climates superimposed on a long-term trend of decreasing temperatures (e.g., Friedrich et al., 2012) . Of particular interest during this greenhouse is evidence for a cooling climate and/or glaciation in the early Maastrichtian, supported by positive shifts in benthic foraminiferal d
18
O values and coincident rapid and large sea-level changes (Barrera and Savin, 1999; Miller et al., 2005) . Palynological studies in the Antarctic region and sedimentological evidence from the Arctic suggest the presence of sea ice during the late Campanian to Maastrichtian (Davies et al., 2009; Bowman et al., 2013) , but records of this event from the mid-latitudes are sparse. A warming event in the latest Cretaceous has also been proposed based upon decreasing benthic foraminiferal d
O and evidence for elevated pCO 2 (Li and Keller, 1998; Nordt et al., 2003) . However, most climatic records for the Late Cretaceous are derived from marine sediments, and knowledge of terrestrial climate is limited due to fragmentary geological records (e.g., Wilf et al., 2003) .
Here we report stable isotopic data of oxygen and carbon from pedogenic carbonate sampled in the SK-1 core (which contains a nearly continuous sediment record of Late Cretaceous age) drilled in the mid-latitude Songliao Basin, northeastern China . These new data extend and improve stable isotope analyses based on ostracods from lacustrine facies and paleosol carbonate in the same core by providing higher resolution analyses Huang et al., 2013) , and demonstrate a punctuated mid-latitude terrestrial climate in the Late Cretaceous.
SONGLIAO BASIN AND SK-1 SCIENTIFIC DRILLING PROJECT
The Songliao Basin was a long-lived lake basin in the Cretaceous Fig. 1A) . This basin underwent three tectonic episodes, rifting, thermal subsidence, and structural inversion (Feng et al., 2010) , that preserved as much as 10,000 m of volcaniclastic, alluvial fan, fluvial, and lacustrine sediments ). An International Continental Scientific Drilling Project, targeting terrestrial climate change during the Cretaceous greenhouse period, is currently underway in the Songliao Basin, with the aim to drill through the entirety of the terrestrial Cretaceous strata . In the first phase of this drilling project (SK-1), completed in 2007, 2486 m of composite core spanning the late Turonian to the end of the Cretaceous were recovered .
The Sifangtai and Mingshui Formations analyzed herein are the uppermost Cretaceous units in the SK-1 core (Fig. 1B) . Paleomagnetic results reveal a paleolatitude (~40-50°N; Fang et al., 1990 ; Fig. 1A ) similar to today (42.5-49.5°N), and paleogeographic studies indicate an environment composed of a broad alluvial plain and several small lakes with frequently fluctuating lake levels . Both formations are gray-green and brown-red mudstone and sandstone comprising sequences of alluvial plain and shore to shallow lake deposits (Feng et al., 2010; Fig. 1B) . Paleosols that developed in the alluvial plain environments are characterized by distinctive calcareous horizons and carbonate nodules, slickensides, mottled colors, and fossil root traces (Cheng et al., 2009; Huang et al., 2013) .
AGE CONSTRAINTS AND METHODS
SK-1 core chronology is well constrained by biostratigraphy, magnetostratigraphy, cyclo stra tigraphy, and radiometric ages (Deng et al., 2013; Wan et al., 2013; Wu et al., 2014) . Eight magnetozones from chron C33n to C29r are identified in the Sifangtai and Mingshui Formations, indicating a late Campanian to Maastrichtian age (Deng et al., 2013; Fig. 1B) , although the uppermost interval (between 268 and 317 m) shows mixed polarity. An astronomical time scale for the upper SK-1 was recently established, which provides high-resolution age constraints for each sample in this study  O are influenced by changes in temperature, precipitation source area, surface elevation, and evaporation (Chamberlain et al., 2012; Quade and Cerling, 2013; Winnick et al., 2013) , whereas d 13 C is mainly influenced by pCO 2 and soil respiration (Ekart et al., 1999; Takeuchi et al., 2010) . Furthermore, these stable isotope variations are strongly coupled with sea level, mid-latitude sea-surface temperature, and deep-sea benthic foraminiferal d
18
O changes during the Late Cretaceous (Fig. 2) ; thus, we interpret our data as follows.
First, the most prominent feature in our stable isotope record is the ~3‰ d
O negative excursion ca. 70.5 Ma (Fig. 2 ). This isotopic shift is contemporaneous with significant global climate change to cooler conditions.
(1) Marine records show evidence of climate cooling and/or glaciation with a positive d 18 O shift in benthic foraminifera in both tropical and high-latitude ocean drilling sites (Barrera and Savin, 1999; Friedrich et al., 2012) , a shift that is coincident with a relatively large and rapid sealevel drop (Miller et al., 2005; Fig. 2).
(2) Palynomorph records from the Antarctic region provide evidence for sea ice and indicate the presence of ephemeral ice sheets (Bowman et al., 2013; Fig. 2) .
(3) Multiple lines of evidence from the Arctic suggest cooler and/or glacial conditions, such as ice-rafted sediments (Davies et al., 2009) and/or glaciation. Decreasing temperature results in more negative d
O of paleosol carbonates; ~0.35‰/°C, based on the combined relationships between temperature of precipitation and its oxygen isotope composition and the equilibrium isotopic fractionation between carbonate and water (Chamberlain et al., 2012 . In addition, a temperature drop of as much as 10 °C in the early Maastrichtian is also reported in the Russian Far East based on oxygen isotope and paleontological evidence (Zakharov et al., 1999) , which provides an analogue for mid-latitude East Asian temperatures in the Late Cretaceous . However, it is also possible that this negative shift in d
O is the result of a change in precipitation sources to a more 18 O-depleted air mass (Winnick et al., 2013; Railsback et al., 2014) . In northeastern China, modern precipitation is dominated by two main moisture sources: (1) warm air masses from the Pacific Ocean transported by the East Asian summer monsoon, and (2) westerly cold air masses from the Arctic Ocean and Central Asia (Araguás- Araguás et al., 1998; Li et al., 2012) . These air masses have different isotopic compositions; westerly precipitation is ~3‰ lower in d
O than that from the Pacific (Araguás-Araguás et al., 1998). In a greenhouse world with no ice caps, atmospheric circulation above the Eurasian continent was likely characterized by poleward-shifted westerlies (e.g., Toggweiler, 2009; Hasegawa et al., 2012) . Such circulation is also suggested by climate modeling results over East Asia in the latest Cretaceous (Chen et al., 2013) . We propose that the cooling climate and/or glaciation ca. 70.5 Ma strengthened the westerlies, shifting them equatorward and bringing more (Fig. 2) . Marine records including negative shifts in benthic foraminiferal d
O (Li and Keller, 1998 ) and a tentative increase in sea surface temperature (Linnert et al., 2014) reveal global warming in the latest Maastrichtian. Terrestrial records, such as isotopic evidence indicating elevated pCO 2 and land temperature (Nordt et al., 2003; Tobin et al., 2014) , and paleobotanical shifts toward tropical species (Wilf et al., 2003) , also suggest a greenhouse climate in the latest Maastrichtian (Fig. 2) . This warming event has been noted to coincide with the main phase of Deccan Traps (India) volcanism (e.g., Keller et al., 2012) , which likely drove increased pCO 2 and warming (Nordt et al., 2003) . (Ekart et al., 1999) ; however, we observe decreasing pedogenic carbonate d
13
C values in the latest Cretaceous. We instead interpret this decrease as increasing soil respiration, driven by increased primary productivity due to elevated pCO 2 and global warming. We model changes in soil respiration through time in the SK-1 core using the soil respiration equation in Caves et al. (2014) , and incorporate a Monte Carlo routine to account for uncertainties in equation parameters (see the Data Repository). We find that soil respiration increased ~50% in the latest Cretaceous (although the uncertainties on these estimates are high due to large uncertainties in estimated end-Cretaceous pCO 2 ). This increase in soil respiration was likely driven by an increase in precipitation due to warming, as suggested by modeling results for the mid-Late Cretaceous continental inland (cf. Poulsen et al., 2007, their figure 1 ; Chen et al., 2013) . Increased precipitation drives increased primary productivity (Knapp and Smith, 2001) , which increases soil respiration (Raich and Schlesinger, 1992 (Fig. 2) . A possible warmer greenhouse climate during that time is suggested by both elevated atmospheric pCO 2 and land temperature (Nordt et al., 2003) and decreased benthic foraminiferal d 18 O (Barrera and Savin, 1999). We assume that the isotopic shifts ca. 69 Ma may have had a mechanism similar to that of the end-Cretaceous event, but with a lesser magnitude, as both paleosol carbonate d
18
O and modeled soil respiration (Fig.  2) display smaller increases.
CONCLUSIONS AND IMPLICATIONS
Our pedogenic carbonate stable isotope data from the SK-1 core in the Songliao Basin indicate a punctuated mid-latitude terrestrial climate in the Late Cretaceous. The pronounced negative d O values and increasing soil respiration ca. 66 Ma is attributed to a warming climate coincident with increasing precipitation in this region. Our continuous stable isotopic records are linked closely to records of climate variability in the Late Cretaceous.
We conclude that the mid-latitude terrestrial climate of the Songliao Basin was sensitive to global changes in the Late Cretaceous greenhouse world. This sensitivity to global climate change is also shown by observations in the recent past (Ji et al., 2014) and projections of future climate for mid-latitudes in East Asia (Stocker et al., 2013) , where a large human population lives. Although there are large uncertainties on the magnitude of predicted change in temperature and precipitation (Stocker et al., 2013) , our results imply that in a climate state with higher pCO 2 , this region will have increasing temperature and precipitation.
